Abstract. We report the first demonstration of a kW-class CW-input solid-state phase-conjugate master oscillator, power amplifier system. The 2-kW Yb:YAG system included a 200 W loop phase-conjugate mirror, and it produced a nearly diffraction-limited output beam. © Optical Society of America OCIS codes: (140.3480) Lasers, diode-pumped; (190.5040) Phase conjugation Nonlinear optical phase conjugation (PC) is capable of compensating for thermal distortions in pulsed high-power lasers [1] [2] [3] [4] , producing the same excellent beam quality as the initial low-power seed beam. Previous demonstrations have generated kJ-level, nearly diffraction-limited pulses for CO 2 and iodine gas lasers using a PC-MOPA architecture [1] . In addition, a 5 kHz repetition rate Nd:YAG laser with a SBS phase-conjugate mirror (PCM) has produced 4 kW average power [2] . PCMs for a CW input have always been a challenge, so the output power for CW PC lasers has never exceeded 100 W [3] . The present work represents the first successful demonstration of a CW-seeded solid-state PC-MOPA laser system producing a nearly diffraction-limited beam with a power > 1 kW. In addition, we demonstrated the first CW PCM to operate at powers up to 200 W.
Nonlinear optical phase conjugation (PC) is capable of compensating for thermal distortions in pulsed high-power lasers [1] [2] [3] [4] , producing the same excellent beam quality as the initial low-power seed beam. Previous demonstrations have generated kJ-level, nearly diffraction-limited pulses for CO 2 and iodine gas lasers using a PC-MOPA architecture [1] . In addition, a 5 kHz repetition rate Nd:YAG laser with a SBS phase-conjugate mirror (PCM) has produced 4 kW average power [2] . PCMs for a CW input have always been a challenge, so the output power for CW PC lasers has never exceeded 100 W [3] . The present work represents the first successful demonstration of a CW-seeded solid-state PC-MOPA laser system producing a nearly diffraction-limited beam with a power > 1 kW. In addition, we demonstrated the first CW PCM to operate at powers up to 200 W.
Conventional SBS PCMs have a high operation threshold that makes them unsuitable for CW operation. We developed an alternative PCM architecture -a self-starting (no external reference beam) loop phase-conjugate mirror (LPCM) based on a thermal nonlinearity. The LPCM offers important advantages over SBS in high-average power laser applications: (a) it functions over a wide range of input powers, from a low of a few watts to a high of many kW, (b) it operates over a broad wavelength range, and (c) it is compatible with lasers having short coherence lengths (~ 1 cm or less). LPCM experimental demonstrations have been reported for low powers [4] . However, to our knowledge, there have been no prior reports of an LPCM that might be used in high-power CW laser systems. Figure 1 shows a schematic diagram of our double-pass PC-MOPA. The Yb:YAG master oscillator (MO) generates a signal beam that passes through a Faraday isolator and outcoupler into the amplifier beamline that comprises one or more Yb:YAG amplifier slabs (A1 through A3), and then enters the LPCM. Spatial filters (not shown) and relay optics are used throughout the amplifier chain and LPCM. Depolarization in the high-aspect ratio amplifier slabs is minor. This allows the second-pass signal beam to be out-coupled by using a common polarizing beam-splitter combined with a Faraday rotator, FR, in the amplifier chain. The LPCM is sketched in Figure 1 . The aberrated input beam passes through the nonlinear cell and then through a "leaky" Faraday isolator, which favors propagation in the counter-clockwise direction. Amplifier A4 raises the power back to about the level of the input beam to write a dynamic grating/hologram in the nonlinear cell. The nonlinear cell employs a thermal nonlinearity, whereby the nonlinear medium is an absorbing liquid with a high value of dn/dT. The dynamic hologram provides the feedback necessary for the loop to oscillate in the counterclockwise direction. It also ensures that the cavity mode is the phase conjugate replica of the input beam.
Apparatus

Figure 2. Calculated and measured far-field intensity profiles at the focal plane of a 530 mm focal length lens. Calculation assumes a uniform intensity and phase over an entire 5.5 x 4.5 mm 2 aperture. The beam diameter, D, used in the calculated power-in-the-bucket is 5 mm.
Experimental Results
The PC-MOPA system exhibited a stable output beam and excellent beam quality. The maximum power achieved was ~ 2 kW for a time interval of ~ 10 minutes; lower powers were achieved for run times of 30 minutes or more. Figure 2 shows the measured far-field intensity distributions at ~ 1.65 kW output power. The near-field footprint approximately filled a rectangular aperture of 5.5×4.5 mm 2 . The left-hand picture shows the calculated farfield intensity distribution assuming a planar phase over such an aperture. The graph on the right shows the powerin-the-bucket (PIB) curves: the blue curve represents the calculated result for the uniform intensity/phase distribution, while the red curve shows the experimental measurements. The beam quality is ~ 1.3 XDL at the 50 % power point. Additional measurements through a sequence of hard apertures showed that > 90 % of the total output power was contained within the field of view of the video camera used to generate the far-field intensity distribution in the center picture of Figure 2 .
The measured performance was compared with the predictions of a LPCM model and of a separate system-level model that uses measured performance characteristics for each MOPA element, the LPCM, and the transmission losses between elements to calculate the power for both the first and second pass, between each pair of amplifiers, and at the final output beam. Comparison of the model predictions and experimental measurements for both the LPCM and the total MOPA system show excellent agreement.
Conclusion
We have generated up to 2 kW of quasi-CW average laser power with a nearly diffraction-limited beam quality using a double-pass phase-conjugate MOPA architecture incorporating a loop phase-conjugate mirror. The output power achieved in the present work was primarily limited by the performance of the power amplifiers, not the LPCM. Hence, we believe scaling the system to significantly higher powers ~ 25 kW or more will be possible with improved amplifiers. 
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